Page 3 of 34 nosocomial transmission of Enterococcus faecium. In some patients we also saw domination of 41 the gut microbiota by commensal organisms, such as Methanobrevibacter smithii. 42
Background 23
For long-stay patients on the adult intensive care unit, the gut microbiota plays a key role in 24 determining the balance between health and disease. However, it remains unclear which ICU 25 patients might benefit from interventions targeting the gut microbiota or the pathogens therein. 26 27
Methods 28
We undertook a prospective observational study of twenty-four ICU patients, in which serial 29 faecal samples were subjected to shotgun metagenomic sequencing, phylogenetic profiling and 30 microbial genome analyses. 31 32
Results 33
Two-thirds of patients experienced a marked drop in gut microbial diversity (to an inverse 34
Simpson's index of <4) at some stage during their stay in ICU, often accompanied by absence or 35 loss of beneficial commensal bacteria. Intravenous administration of the broad-spectrum 36 antimicrobial agent meropenem was significantly associated with loss of gut microbial diversity, 37 but administration of other antibiotics, including piperacillin-tazobactam, failed to trigger 38 statistically detectable changes in microbial diversity. In three quarters of ICU patients, we 39 documented episodes of gut domination by pathogenic strains, with evidence of cryptic 40 48 Intensive care unit; microbiome; gut microbiota; pathogens; shotgun metagenomics; 49 antimicrobial resistance; critical illness; meropenem 50 51 Background 52 For long-stay patients on the adult intensive care unit (ICU), as in other settings, the microbial 53 community of the gut-the gut microbiota-plays a key role in determining the balance between 54 health and disease [1] [2] [3] . Unfortunately, many life-saving measures applied to ICU patients can 55 have negative impacts on the gut microbiota-examples include assisted ventilation, enteric 56 feeds and a range of medications, including broad-spectrum antibiotics, proton-pump inhibitors, 57 inotropes and opioids [4] [5] [6] . In recent years, interest has grown in protecting or restoring the 58 integrity of the gut microbiome in ICU patients, using ecological approaches such as probiotics 59 or faecal microbiota transplants [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] . Similarly, surveillance of pathogens and of antimicrobial 60 resistance in the gut of critically ill patients has potential benefit in predicting infection and 61 guiding treatment or infection control measures [19] [20] [21] . However, in the absence of high- Fortunately, recent advances in sequencing and bioinformatics have made shotgun 66 metagenomics an attractive approach in precision medicine [22, 23] . We therefore undertook a 67 prospective observational study of twenty-four ICU patients, in which serial faecal samples were 68 subjected to shotgun metagenomic sequencing, phylogenetic profiling and microbial genome 69 analyses, with the aims of evaluating the utility of shotgun metagenomics in long-stay ICU 70 interactive' was used to interactively visualise the distribution of the bins and identify 166 metagenome-assembled genomes (MAGs). 167
We classified a genome bin as a MAG if it was more than 80% complete and its redundancy 168 was below 10%. Each bin was then refined using 'anvi-refine' based on tetranucleotide 169 frequency, mean coverage, completion and redundancy. The program 'anvi-summarize' was 170 used to generate a HTML output stat and FASTA file with the recovered MAGs. For low-abundance pathogens that had been identified by MetaPhlAn2 but could not be 176 recovered using Anvi'o, we constructed sets of completed taxon-specific reference genomes for 177 each potential pathogen. Reference sequences were downloaded using the ncbi-genome-178 download script [45] . We then mapped the metagenome from each sample against the relevant 179 reference dataset using BowTie2 version 2.3.4.1 [46] . The mapped reads were recovered using 180 BEDtools bamtofastq and assembled into contigs using SPAdes (version 3.11.1) [49] and 181 annotated using Prokka (version 1.12) [41] . Completion and contamination of these MAGs were 182 assessed using CheckM. The coverage of the resulting draft genome sequences was calculated 183 after mapping reads back to the assemblies using BowTie2 and visualised with Qualimap2 [42] . 184
To confirm species identity, average nucleotide identity was calculated from BLAST searches 185 
Results

212
We initially recruited thirty serially recruited adult patients who were expected to stay on the 213 ICU for >48 hours. As is typical of ICU patients, the study population was heterogeneous, 214 including patients with little or no previous medical history (e.g. suffering from trauma or 215 intracranial haemorrhage) as well as individuals with complex and chronic clinical conditions 216 and varying immune function (Additional File 2). A total of 236 faecal samples were collected, 217 with a median of three days between samples from each patient (Additional File 3). A set of twenty-four long-stay ICU patients who provided more than five samples was selected for 219 further study (Table 1) . 220
To track the gut microbial dynamics of individual patients, we performed metagenomic 221 sequencing of serial faecal samples, followed by community analysis to determine the relative 222 abundance of microbial species and to assess microbial diversity using the inverse Simpson's 223 index (Additional Files 3, 4). The median time to receipt of a sample (where timings were 224 available) was 2.6 hours: 70% of samples were received within 6 hours and 87% within 12 225 hours. We found no association between microbial diversity and time to receipt of sample. 226 227 We found no general trend towards decreased gut microbial diversity with time spent in ICU. 247
Similarly, we found no statistically significant associations between microbial diversity and stool 248 consistency or Sequential Organ Failure Assessment (SOFA) score, which reflects overall health 249 (Table 2 ). However, in 11 of 24 patients, microbial diversity in the final sample was lower than 250 in the initial sample (Table 2) assigned to E. faecium (Figure 2) . 290 changes in absolute abundance in some cases (Additional File 5). In six patients, the same 292 species of pathogen was isolated from clinical samples from outside the gut (Table 1) . 293
Antibiotics are known to provoke overgrowth in the gut of microbial species not known to be 294 pathogens [51, 57, 58] . We saw the relative abundance of the archaeon Methanobrevibacter 295 smithii exceed 10% of reads in nine ICU patients-in one sample, this organism accounted for 296 50% of sequence reads. Other apparent commensals showing rises in relative abundance to 297 >50% include Streptococcus thermophilus, Alistipes onderdonkii, Bifidobacterium longum, an 298 unnamed species from the Erysipelotrichaceae, Ruminococcus torques and an unclassified 299 species of Subdoligranulum (Figure 1; Additional File 1) . 300 301
Cryptic nosocomial transmission 302
Through a combination of co-assembly, de novo binning of metagenomic reads and evaluation of 303 single copy bacterial and fungal core genes, we obtained metagenome-assembled genomes 304 (MAGs) of potential pathogens and used them to reconstruct pathogen biology and 305 epidemiology, including multi-locus sequence types (Additional File 6). We found that pathogen 306 blooms within an individual patient were typically clonal, i.e. caused by a single strain, although 307 there was often a cloud of diversity in single-nucleotide polymorphisms among genomes from 308 multiple samples (Additional File 7). Pathogens dominating the gut microbiota in ICU patients 309 were also typically inherently resistant to antibiotics (Candida albicans) or possessed genes 310 associated with antimicrobial resistance-vancomycin-resistance genes were detected in two 311 strains of E. faecium and aminoglycoside resistance genes in two strains of E. coli, one of which 312 also encoded an extended-spectrum beta-lactamase (Additional File 8).
from the patient, we detected two strains of E. coli belonging to distinct sequence types, ST131 315 and ST315. However, the ST131 strain was subsequently lost after administration of antibiotics. 316
Enterococcal blooms were seen in eleven patients (Figure 2) . In six cases, the dominant strain 317 belonged not just to the same species, E. faecium, but also to the same sequence type, ST80, 318 which is a well-documented cause of nosocomial outbreaks across the globe [59-61]. We found 319 that the E. faecium MAGs belonging to ST80 in patients 51, 54, 55 differed by less than twenty 320 SNPs (Additional File 8), providing strong evidence of cross-colonization with a common strain, 321 spreading between patients and/or from a common source in the hospital. Interestingly, all three 322 patients had overlapping stays in adjacent rooms on the ICU. 323 324 Discussion 325 326 Here, we have shown the utility of shotgun metagenomics in in ICU patients in surveillance of 327 the gut microbiota, documenting the loss of gut microbial diversity and domination of the gut by 328 drug-resistant pathogens. Our use of shotgun metagenomics confirms results of previous studies 329 on ICU patients using less powerful sequence-based approaches, linking loss of gut microbial 330 diversity to adverse clinical outcomes and loss of colonization resistance, [19-21, 49, 50, 62-69]. 331 However, with shotgun metagenomics, we have been able to reconstruct informative 332 metagenome-assembled genomes, allowing us to characterise pathogens, identify resistance 333 determinants and document cryptic nosocomial transmission of a clone of Enterococcus faecium 334 that colonised three patients. 335 microbiota [70-73]. Nonetheless, although all but one of our patients received antibiotics, we 337 saw a statistically significant loss of diversity-and marked loss of beneficial organisms-only 338 after administration of meropenem (Figure 1) . Similar profound and longstanding effects of this 339 agent on gut microbial diversity have been documented in healthy adults [51] . Although we were 340 unable to detect any effect of other antimicrobials, given the small sample size, we cannot rule 341 out small but significant effects for less commonly used agents. 342
The contrast between the effect of meropenem and apparent lack of effect of other broad-343 spectrum agents such as piperacillin-tazobactam suggests that pharmacokinetics plays a key role 344 in determining impact on the gut microbiota and that there is scope for tailoring antibiotic 345 regimes to spare the gut microbiota, building on previous studies confirming the low-risk status 346 of ureidopenicillins such as piperacillin on the risk of Clostridioides difficile infection or 347 colonisation with vancomycin-resistant enterococci [74, 75] . 348
We have used shotgun metagenomics to document domination of the gut microbiota by 349 microbial pathogens in most ICU patients. Although from sequences alone, it is hard to 350 determine whether increases in relative abundance of pathogens reflect an increase in the 351 biomass of pathogens or simply a loss of commensals [76, 77], we were able to use microbial 352 culture to confirm that, at least in some cases, there was a genuine increase in the absolute 353 abundance of the pathogen. 354
In a quarter of our patients, in line with other similar attempts at sequence-based surveillance 355 in vulnerable patients [19, 20] , the same species of pathogen was isolated from clinical samples 356 from outside the gut. However, as our clinical isolates were not subjected to genome sequencing, 357
we cannot be certain that they belonged to the strains associated with domination of the gut. significance of these episodes remains uncertain. A recent study has suggested that commensal 360 bacteria carry diverse uncharacterised resistance genes that contribute to their selection after 361 antibiotic therapy [78] . It is worth noting that M. smithii, like other Archaea, is intrinsically 362 resistant to antibiotics as a result of its distinctive non-bacterial biology [79] . 
